Gold nanoparticles have been researched for many biomedical applications in diagnostics, theranostics, and as drug delivery systems. When conjugated to fluorophores, their interaction with biological cells can be studied in situ and real time using fluorescence microscopy. However, an important question that has remained elusive to answer is whether the fluorophore is a faithful reporter of the nanoparticle location.
Introduction
Gold nanoparticles (AuNPs) are being widely investigated for applications in medical imaging, 1,2 bio-sensing, 3, 4 drug delivery, 5, 6 photothermal and photodynamic therapy, 7, 8 owing to their small sizes, bio-compatibility, facile surface chemistry for bio-conjugation, and strong photothermal properties. Historically, AuNPs are well known to cell biologists for their widespread use as markers in electron microscopy (EM) 9 due to their high electron density and thus large contrast. Notably, their strong and wavelength-selective optical absorp-tion and scattering at the localised surface plasmon resonance (LSPR) provide a means to visualise them by optical microscopy techniques such as bright-field extinction [10] [11] [12] (BFE), dark-field 12, 13 (DF), interferometric scattering 14 (iSCAT), differential interference contrast 15 (DIC) , and phothothermal imaging 16 (PI) . A particularly interesting system is that of a AuNP-fluorophore conjugate, whereby a fluorescently labelled biomolecule of interest (e.g. a protein ligand, nucleotide, peptide, antibody) is attached onto the AuNP surface, and its uptake and intracellular fate is followed in situ in real time by fluorescence microscopy. These conjugates hold great potential in increasing our understanding of the cellular entry mechanisms of nanoparticles, how they are affected by the nanoparticle size, 17 and what intracellular events occur subsequent to cell entry. These are key fundamental questions that need to be addressed if nanoparticles are to be developed as effective drug delivery systems. Using transmission electron microscopy, the same particle can be imaged correlatively, revealing the ultrastructure of the localization within the cell with nanometric resolution. However, fluorescence microscopy suffers from limitations including fluorophore photobleaching, quenching in close proximity to a AuNP, 18, 19 cellular autofluorescence background, and in turn often cannot be quantitative. Moreover, an important question that has remained elusive to answer is whether the AuNP-fluorophore construct remains intact, as opposed to the fluorescently labelled molecule being unbound and trafficking independently from the AuNP. This is because optical means to visualize directly the AuNP via microscopy techniques such as BFE, DF, iSCAT, DIC and PI mentioned above are not background-free. Therefore, it is challenging with these methods to distinguish a single small AuNP against the endogenous scattering, absorption and phase contrast in a highly heterogeneous three-dimensional cellular environment. Notably, the question about the integrity of a AuNP-fluorophore construct is also difficult to answer via correlative light electron microscopy (CLEM), which requires sample processing that might degrade the fluorescence emission. 9 CLEM analysis is further limited by the time lag between the observation of an intracellular event by live cell fluorescence microscopy and its correlation with EM acquisition post-fixation. A recent work specifically highlighted the lack of colocalisation between fluorescence emission and AuNPs on a commonly used CLEM probe, which was attributed to fluorescence quenching. 20 Overall, direct investigations of the intracellular events that happen to AuNPs subsequent to their cellular entry are challenging, and even more so are studies able to independently track the intracellular fate of the nanoparticle core and that of its fluorescently labelled shell. Recently, Wu et al. 21 synthesized a novel class of fluorescent quantum dot-nucleic acid conjugates and showed, owing to the fluorescence emission of the quantum dots, that these constructs are broken down over the 24 h time course of trafficking inside mouse endothelial cells, with the oligonucleotide fragments being recycled out of the cell while the nanoparticle core is not. Also recently, Liu et al. 22 implemented a sequential dark-field wide-field fluorescence acquisition and investigated the intracellular trafficking of large (50 nm diameter) AuNPs conjugated to a fluorescently labelled DNA shell. They claimed no presence of fluorescence signal away from the AuNPs hence no apparent separation of the construct. However, the sequential acquisition, alongside the requirement for large particles to overcome the scattering background from the endogenous cell heterogeneity in dark field, make this technique not ideal.
In this work, we demonstrate the application of our recently developed four-wave-mixing (FWM) imaging modality 23 to investigate a number of AuNP-fluorophore conjugate constructs and their integrity inside cells. The technique enables the detection of single bare AuNPs down to 10 nm diameter, background-free and with high 3D spatial resolution even in highly heterogeneous cellular environments, owing to the specific nature of the FWM process which is a non-linear light matter interaction with the free-electron gas in the gold metal. Four different constructs were investigated comprising a AuNP core (from 10 nm to 40 nm diameter) and a fluorescently labelled biomolecule attached onto the AuNP surface using four different strategies (see Table 1 ). Three were aimed at targeting clathrin-mediated endocytosis using the fluorescentlylabelled ligand transferrin (Tf ), while one construct contained a non-targeting fluorescently-labelled antibody resulting in non-specific uptake. To showcase the general applicability of the method, two different cell lines were used, namely human HeLa cells and murine 3T3-L1 cells. They were fixed at defined time points following nanoparticle cell entry, and imaged either using sequential fluorescence microscopy followed by FWM imaging, or by simultaneous correlative FWM/confocal fluorescence microscopy. In most cases, there was clear evidence of fluorescent molecules being detached from the AuNPs, and poor co-localisation of AuNPs with fluorophores. Fluorescence detection was also severely limited in some cases by photobleaching and autofluorescence background, rendering impossible to detect low amounts of fluorophores. In all cases, FWM unambiguously provided distinct images of AuNPs, both as individual particles and as clusters, with their precise 3D location inside cells.
Experimental section

AuNP-fluorophore conjugates
The AuNP-fluorophore conjugate constructs utilised in this work are summarised in Table 1 . The first construct, called 40 nm AuNP-SA-Bi-Tf(A647), consists of commercially available AuNPs of 40 nm diameter, covalently bound to streptavidin (40 nm AuNP-SA -InnovaCoat GOLD-Streptavidin 10OD, Innova Biosciences) which were subsequently bound to commercially-available biotinylated Tf (Bi-Tf, Sigma Aldrich) labelled in house with the fluorophore Alexa647 (Fisher Scientific). The generation of Bi-Tf(A647) was as per protocol described by Moody et al. 24 Briefly, lyophilized biotinylated Tf (5 mg) suspended in 1 mL phosphate-buffered saline (PBS) pH 7.4, was added to 1 mg NHS-Alexa647 and reacted for 1 hour at room temperature to generate Bi-Tf(A647). The conjugate was To avoid aggregation and lack of functionality of the Tf, a  sequential labelling method was utilised, where the 40 nm  AuNP-SA were added onto HeLa cells pre-loaded with Bi-Tf  (A647) and maintained at 4°C, as described in the subsection  2.2 The second construct, called 10 nm AuNP-SA(A488)-Bi-Tf (A647), consists of commercially available AuNPs of 10 nm diameter that have streptavidin, fluorescently labelled with Alexa488, adsorbed on their surface (Alexa Fluor 488 streptavidin, 10 nm colloidal gold conjugate "30 μg protein per mL", Molecular Probes). These were subsequently bound to Bi-Tf (A647), using the sequential labelling method as described in the subsection 2.2
The third construct, called 15 nm AuNP-PC-Tf(A488), consists of AuNPs of 15 nm diameter covalently bound to a polymer shell onto which Tf fluorescently labelled with Alexa488 is covalently attached. This construct was developed in house as per methods described in details by Sayers et al. 25 (where it is called Tf-AuNP-3). It has an average of 3 Tf molecules per AuNP. The polymer is nonthermoresponsive, with the Tf exposed for cellular uptake. The hydrodynamic diameter of this construct was measured to be 49 ± 1 nm. The stock solution contained 1.27 × 10 14 AuNP per mL.
The fourth construct is made from a commercially available kit (InnovaCoat GOLD 20OD conjugation kit, Innova Biosciences). It consists of 20 nm diameter AuNPs with a proprietary protective surface coat onto which proteins or antibodies can be covalently bound. Goat-antirabbit antibodies fluorescently labelled with Alexa647 (Thermo Fisher Scientific) were bound to these AuNPs following the manufacturer's protocol. InnovaCoat GOLD nanoparticles in the kit are freeze dried. The conjugation reaction is initiated simply by reconstituting the dry mixture with a reaction buffer and a diluted antibody stock (at 0.25 mg mL −1 ), which becomes attached (via lysine residues) to the InnovaCoat surface. Note that we followed the manufacturer recommended wash protocol, in order to obtain a conjugate nominally 100% free from unbound antibody (see section "AuNP-fluorophore conjugates deposited on glass"). We called this construct 20 nm AuNP-PC-Ab(A647). Table 1 summarises these samples, indicating the AuNP core diameter, the type of shell based on streptavidin (SA) or polymer coating (PC) attached via a covalent bond (cb) or adsorption (ad), and whether sequential labelling was used or not.
Cell culture
HeLa cells were obtained from the American Type Culture Collection (ATCC) and routinely tested for mycoplasma infection. Cell lines were maintained as a subconfluent monolayer in DMEM (Fisher Scientific, Loughborough, UK) supplemented with 10% (v/v) fetal bovine serum (FBS), under standard tissue culture conditions (at 37°C, 5% CO 2 in a humidified incubator).
The murine 3T3-L1 fibroblast clone was a kind gift from the Tavare lab, University of Bristol, originally obtained from ATCC (CL-173; Manassas, USA).
2.2.1 Sequential labelling of HeLa cells with Bi-Tf(A647) and 40 nm AuNP-SA. To facilitate correlative experiments on different microscopes, HeLa cells were grown on #2 thickness photoetched gridded coverslips, containing 520 alphanumeric coded squares of 0.6 mm × 0.6 mm each (Electron Microscopy Sciences). Cells were incubated for 30 minutes in serum-free medium ( phenol red-free DMEM pH 7.4, containing 25 mmol L −1 HEPES, supplemented with 1 mg mL −1 BSA) to allow recycling of serum-derived transferrin. Cells were placed on ice for 10 min to inhibit endocytosis, incubated with 50 μg mL −1 Bi-Tf(A647) in ice-cold serum-free medium for 8 min and washed 3 times in ice-cold PBS pH 7.4. Cells were then incubated with the 40 nm diameter AuNP-SA at a concentration of 7 × 10 10 AuNP per mL (1 in 10 dilution of the stock concentration) in ice-cold serum-free medium for 10 min then washed 3 times in PBS pH 7.4. Subsequently, cells were incubated in pre-warmed imaging medium to enable endocytosis for 6 hours. They were then fixed in 3% PFA for 10 min at room temperature, washed 3 times in PBS at room temperature, and mounted onto a microscope glass slide in 80% DAKO mounting medium (Dako UK Ltd).
2.2.2 Sequential labelling of HeLa cells with Bi-Tf(A647) and 10 nm AuNP-SA(A488). HeLa cells were grown on 25 mm diameter circular coverslips of thickness #1.5 (Fisher Scientific). Cells were incubated for 30 minutes in serum-free medium, to allow recycling of serum-derived transferrin. They were then placed on ice for 15 min to inhibit endocytosis, incubated with 20 μg mL −1 Bi-Tf(A647) in ice-cold serum-free medium for 15 min and washed 3 times in ice-cold PBS pH 7.4. Cells were subsequently incubated with the 10 nm diameter AuNP-SA(A488) at a particle concentration of 3.5 × 10 11 AuNPs per mL (1 μg protein per mL) in ice-cold serum-free medium for 15 min, and washed 3 times in ice-cold PBS pH 7.4. They were then fixed in 4% PFA for 20 min at 4°C, washed 3 times in PBS at room temperature, and mounted onto a microscope glass slide in Mowiol 4-88 (Sigma) mounting medium.
HeLa cells incubated with 15 nm
AuNP-PC-Tf(A488). HeLa cells were grown on #2 thickness photoetched gridded coverslips, containing 520 alphanumeric coded squares of 0.6 mm × 0.6 mm each (Electron Microscopy Sciences). Cells were incubated for 30 minutes in serum-free medium, to allow recycling of serum-derived transferrin. They were then incubated with the 15 nm AuNP-PC-Tf(A488) at a concentration of 1.27 × 10 13 AuNP per mL (1 in 10 dilution of the stock concentration) in serumfree medium for 2 hours. Cells were subsequently washed 3 times in PBS pH 7.4, and incubated in pre-warmed imaging medium for 4 hours. At this point, they were fixed in 3% PFA for 10 min at room temperature, washed 3 times in PBS at room temperature, and mounted onto a microscope glass slide in 80% DAKO mounting medium (Dako UK Ltd).
2.2.4 3T3L1 cells incubated with 20 nm AuNP-PC-Ab (A647). 3T3-L1 cells were grown on #1.5 thickness 25 mm dia-meter circular coverslips (Fisher Scientific). Cells were incubated for 30 min in serum-free media (MEM GlutaMAXTM-I), incubated for 15 min with 2.6 × 10 10 AuNP per mL of 20 nm AuNP-PC-Ab(A647) pre-warmed solution and washed 3 times with PBS pH 7.4. Finally the cells were fixed in 3% PFA for 10 min at room temperature, washed 3 times in PBS pH 7.4 at room temperature and then mounted onto glass slides in Mowiol.
AuNP-fluorophore conjugates deposited on glass
The commercially available 10 nm AuNP-SA(A488), namely AuNPs of 10 nm diameter that have streptavidin, fluorescently labelled with Alexa488, adsorbed on their surface were washed to reduce the presence of unbound streptavidin as follows. 20 μL of stock solution was added to 1 mL of deionised (DI) water (Sigma Aldrich). AuNPs were centrifuged at 20 000g for 30 min. 1 mL of supernatant was removed. The protocol was performed once (1× wash sample), or repeated three times (3× wash sample). A similar protocol was followed for the commercially available 20 nm AuNP-PC-Ab(A647) which were centrifuged at 9000g for 20 min, as recommended by the manufacturer.
AuNPs were then deposited by spin coating (using 20 μL volume at an initial speed of 2000 rpm for 35 s followed by 4000 rpm for 30 s) onto a clean glass coverslip to achieve an even nanoparticle distribution, except for the 10 nm AuNPs washed 3×. Due to the reduced particle density, these NPs were deposited via sedimentation of a 200 μL volume from the solution for 10 min followed by washing with DI water. Cleaning of glass was performed first with acetone and high-quality cleanroom wipes, followed by a chemical etch called Caro's etch, or more commonly, Piranha etch. Fused silica coverslips were used for the 10 nm AuNPs, to reduce autofluorescence background.
Fluorescence microscopy
Wide field epi-fluorescence microscopy of cells.
Wide-field epi fluorescence was acquired on an inverted Olympus IX73 microscope equipped with a Prior Proscan 220 light source and a CMOS Hamamatsu Camera (ORCA-flash 4.0 V2) which are controlled via the HCImage software package. Filters (Chroma) were chosen for the image acquisition according to the fluorophore used. For the Alexa488 dye, the filter set contained a 490 nm/20 nm (centre/bandwidth) exciter and a 525 nm/36 nm emitter. For the Alexa647 dye, the set had a 645 nm/30 nm exciter and a 705 nm/72 nm emitter. A multibandpass dichroic (89100bs) was used. A 100× 1.4 NA oil immersion objective and 2 × 2 binning readout was used on all images corresponding to a 0.13 μm pixel size (unless stated otherwise).
2.4.2 Correlative wide-field extinction and fluorescence microscopy of AuNPs. Extinction microscopy was performed as described by Payne et al. 11, 26, 27 Briefly, measurements were performed on a Nikon Ti-U inverted microscope, with a 1.34 NA oil condenser and a 1.45 NA (100×) oil objective (Nikon lambda series), or a 1.27 NA (60×) water objective (Nikon lambda-S series) with a 1.5× intermediate (tube lens) magnification. Illumination was provided by a halogen tungsten lamp (V2-A LL 100 W; Nikon) followed by a green filter (GIF, transmission band 550 ± 20 nm; Nikon) defining the wavelength range. Images were acquired using a charge-coupled device camera (Orca 285; Hamamatsu, Hamamatsu City, Japan) with 1344 × 1024 pixels of 6.45 μm size. The camera has a 12-bit A/D converter and a conversion of 4.45 photoelectrons/counts. An exposure time of 0.1 s was used for each frame, limited by the readout speed, and the illumination intensity was adjusted to provide an average of 70% of the digitizer range, corresponding to 1.2 × 10 4 photoelectrons per pixel, and a relative shot noise of 0.9%. The condenser NA was either adjusted to be equal to the objective NA, or was set to 1 for measurements with NPs in air. Two bright-field images were taken; one with the NPs in focus, and the second one with the NPs laterally shifted by approximately 2 μm. Background images were taken for blocked illumination. To improve signal-to-noise ratio, an average over 500 readouts was acquired for each of the shifted images. To reduce the influence of sensor electronic drift, we employed a temporally centered sequence, i.e. 250 images were first acquired in the shifted position, 500 images were acquired in the non-shifted position and then 250 images were acquired again for the shifted position. Using their average, the extinction image (i.e. a differential transmission image) was calculated as described by Payne et al. 11 Epi-fluorescence microscopy was performed in the same microscope, using a metal-halide lamp (Lumen L200/D; Prior Scientific, Rockland, MA) and an exciter/emitter/dichroic filter cube suitable for the A488 (GFP-A-Basic-NTE; Semrock, Rochester, NY; 469/35, Di500, 525/39) or the A647 fluorophore (Cy5-A-Basic-NTE; Semrock, Rochester, NY; 630/38; Di655; 694/ 44). Images were acquired with an exposure time of 10 s. Illumination intensity at the sample using the 1.45 NA oil objective was 40 W cm −2 with the GFP-A-Basic-NTE filter cube and 18 W cm −2 with the Cy5-A-Basic-NTE cube. Using the 1.27 NA water objective, the intensity was 31 W cm −2 and 14 W cm −2 with the GFP-A-Basic-NTE and Cy5-A-Basic-NTE cube respectively.
An imaging chamber was formed using an adhesive gasket of 0.12 mm thickness (Grace Bio-lab SecureSeal) in between the coverslip carrying the AuNPs and a glass slide on the side of the oil condenser. 20 nm AuNP-PC-Ab(A647) were imaged in air for both fluorescence and extinction microscopy, using the 1.45 NA oil objective.
10 nm AuNP-SA(A488) were imaged first in air for fluorescence microscopy, and subsequently in oil which was matched to the refractive index of fused silica (n = 1.46) for extinction microscopy. For this sample, we used the 1.27 NA objective with correction collar to compensate for spherical aberrations. Notably, part of the excitation in fluorescence microscopy undergoes total internal reflection at the glass-air interface. This gave rise to a relevant background detected by the camera, of 200-300 counts over 10 s. To account for this background, we acquired a time course of 36 images (each with 10 s exposure) over which photo-bleaching of A488 occurs. We then subtracted the average of the last two frames from the average of the first two frames, to remove the background. The oil was inserted in situ during microscopy, using a partly cut gasket forming a channel, and a connecting tube which allowed injection of the oil into the imaging chamber without removing the sample, for correlative extinction and fluorescence microscopy. Addition of the index matching oil was required to reduce the background due to surface roughness in the extinction measurements.
2.4.3. Confocal fluorescence microscopy. Confocal fluorescence images were acquired on a Leica SP5 confocal laserscanning microscope equipped with an Ar laser and a HeNe laser. A 100× 1.4 NA oil-immersion objective was used. Images were acquired at 400 Hz line scan speed, with a 3D voxel size of 76 nm × 76 nm × 250 nm. Alexa488 and Alexa647 were excited using the 488 nm and 633 nm laser lines, with an excitation power, at the objective, below 0.12 mW and 0.86 mW respectively. The detection bandwidth was 503-558 nm for Alexa488 and 650-703 nm for Alexa647. Unless stated otherwise, a simple background correction was utilized, where the mean intensity in regions without cells (due to e.g. autofluorescence from the glass substrate) was calculated and subtracted from the fluorescence images.
FWM microscopy
FWM microscopy was performed using a home built set-up, as described in details in our recent work. 23 Briefly, optical pulses of 150 fs duration centered at 550 nm wavelength with ν L = 80 MHz repetition rate were provided by the signal output of an optical parametric oscillator (Spectra physics Inspire HF 100) pumped by a frequency-doubled femtosecond Ti:Sa laser (Spectra Physics Mai Tai HP). The output was split into three beams, all having the same center optical frequency, resulting in a triply degenerate FWM scheme. One beam acts as a pump and excites the AuNP at the LSPR, with an intensity that is amplitude modulated at ν m = 0.4 MHz by an acousto-optic modulator (AOM). The change in the AuNP optical properties induced by this excitation is resonantly probed by a second pulse at an adjustable delay time τ after the pump pulse. Pump and probe pulses are recombined into the same spatial mode and focused onto the sample by a 100× oil-immersion objective of 1.45 NA (Nikon CFI Plan Apochromat lambda series). The sample is positioned and moved with respect to the focal volume of the objective by scanning an xyz sample stage with nanometric position precision (MadCityLabs NanoLP200). A FWM field ( proportional to the pump induced change of the probe reflected field) is collected by the same objective (epi-detection), together with the probe reflected field, transmitted by an 80 : 20 beam splitter used to couple the incident beams into the microscope, and recombined in a 50 : 50 beam splitter with a reference pulse field of adjustable delay. The resulting interference is detected by two pairs of balanced Si photodiodes (Hamamatsu S5973-02). A heterodyne scheme discriminates the FWM field from pump and probe pulses and detects the amplitude and phase of the field. In this scheme, the probe optical frequency is slightly upshifted by a radio frequency amount (ν 2 = 82 MHz), and the interference of the FWM with the unshifted reference field is detected. As a result of the amplitude modulation of the pump at ν m and the frequency shift of the probe by ν 2 , this interference gives rise to a beat note at ν 2 , with two sidebands at ν 2 ± ν m , and replica separated by the repetition rate ν L of the pulse train. A multi-channel lock-in amplifier (Zürich Instruments HF2LI) enables the simultaneous detection of the carrier at ν 2 − ν L = 2 MHz and the sidebands at ν 2 ± ν m − ν L = 2 ± 0.4 MHz. As described in our previous work 23 the set-up also features a dual polarization scheme. Data shown in this work refer to detecting the co-circularly polarised components of the reflected probe field and FWM field relative to the incident circularly polarized probe, having amplitudes indicated as A 2r + and A FWM + respectively. The 3D spatial resolution of our FWM imaging was characterized previously. 23, 28 For the microscope objective used here, the spatial resolution is about 200 nm in the lateral direction and 600 nm in the axial direction as FWM field amplitude A FWM + point-spread function full-width-half maximum. Differential interference contrast microscopy was also available in the same instrument, with wide-field illumination via an oil condenser of 1.34 NA and detection with a Canon EOS 40D camera attached to the left port of the microscope stand, using the Nikon N2 DIC prisms (∼240 nm shear). 2.5.1 Simultaneous FWM and confocal fluorescence microscopy. Confocal epi-fluorescence detection was implemented in the FWM microscope, by conjugating the sample plane onto a confocal pin-hole of adjustable opening in front of a photomultiplier detector (Hamamatsu H10770A-40), set to about 1 times the airy ring diameter. Excitation occurred via the same laser beam used for FWM; fluorescence was collected via the same objective and spectrally separated using a dichroic beam splitter for pick-up and a bandpass filter (Semrock FF02-650/100) transmitting in the 600-700 nm wavelength range in front of the photomultiplier.
Results and discussion
Inspired by previous work on the trafficking of Tf, which has been extensively characterized as a targeting ligand, 29 we started by investigating AuNP-Tf conjugates in HeLa cells. Tf and its receptor (TfR) are highly relevant for the targeted delivery of small and macromolecular therapeutics into cancer cells. 30 Interestingly, we have previously shown 24 that by targeting the plasma membrane TfR with biotinylated Tf and subsequently adding streptavidin to cross-link receptor : ligandbiotin complexes, a selective lysosomal delivery of Tf was achieved over a 6 hours time-course. Targeted delivery of (bio) therapeutics to the lysosome, such as antibody-drug conjugates, is a major clinical need, hence the potential of this cross-linking strategy for navigating therapeutics through the endolysosomal pathway has attracted significant attention.
In order to examine the ability of our FWM technique to follow the fate of single AuNPs inside a cell and investigate the integrity of the AuNP-Tf conjugate, we therefore studied a very similar construct. HeLa cells were sequentially loaded with biotinylated Tf fluorescently labeled with Alexa647 (Tf-Bi (A647)), followed by adding 40 nm diameter AuNPs with streptavidin covalently bound on their surface (40 nm AuNP-SA-Bi-Tf(A647); see Table 1 and Experimental section). As described in our previous work, 24 the sequential addition protocol was done on ice-cold medium to inhibit endocytosis, and was used to avoid the formation of aggregates in solution that might hinder Tf functionality. Subsequently, cells were incubated in pre-warmed imaging medium to allow endocytosis for 6 hours, then fixed and mounted onto a microscope slide, for correlative fluorescence and FWM imaging. FWM microscopy was performed as detailed in our previous work 23 (see also Experimental section). FWM excitation and detection in our set-up can be understood as a pump-probe scheme, with pump and probe fields called E 1 and E 2 respectively. The absorption of a 150 fs pump pulse of intensity E 1 E 1 * with center wavelength at the LSPR of the AuNP induces the formation of a hot electron gas in the metal which changes the AuNP dielectric constant. The corresponding change in the AuNP reflection is resonantly probed by the probe pulse of field E 2 at an adjustable delay time τ after the pump-pulse, resulting in a FWM field proportional to E 1 E 1 *E 2 . Heterodyne interferometric detection of the FWM field (see Experimental section) is separated from E 1 and E 2 and thus free from scattering background. Notably, the interferometric detection is also insensitive to incoherent fluorescence backgrounds. By varying τ, the electron dynamics can be time-resolved, revealing the time scale of the thermalisation between electron and the lattice of the metal (∼1 ps) and the subsequent thermalisation of the NP with the surrounding medium 31 (>100 ps). This dynamics enables us to distinguish the electronic AuNP response from instantaneous coherent backgrounds and/or long-lived photothermal effects. As a result, we can achieve completely background-free FWM imaging of single AuNPs even in scattering and fluorescing cellular environments. 23 Our set-up enables simultaneous detection of the reflected probe and FWM fields, having amplitudes indicated as A 2r + and A FWM + respectively. Fig. 1 
shows examples of images for
A 2r + and A FWM + obtained on HeLa cells loaded with the 40 nm AuNP-SA-Bi-Tf(A647) construct. The reflection images A 2r + correlate with the cell contour seen on the corresponding regions (highlighted by white frames) with differential interference contrast (DIC) microscopy available in the same instrument, and show a spatially varying contrast due to thickness and refractive index inhomogeneities in the sample. Even with a particle diameter as large as 40 nm, AuNPs are not distinguished from the cellular structure in DIC or in the A 2r + reflection image. On the contrary, the FWM amplitude shown in Fig. 1 as a maximum amplitude projection over a 5 μm z-stack is background-free (throughout the z-stack) and clearly indicates the location of well-separated individual AuNPs in the cell. Note that the observed AuNP density in the ∼100 AuNPs per cell is consistent with the rate of uptake reported by Wong et al. 17 taking into account the AuNP size, concentration (7 × 10 10 AuNP per mL) and AuNP uptake time (10 min) used here.
To highlight that we are able to detect AuNPs in 3D inside the cell, we show in Fig. 1 the FWM maximum amplitude projection also in the xz plane, and a series of in-plane images (reflection and FWM) for different z-planes, for one cell region. Well-separated individual AuNPs are observed at various planes within the cell. For the AuNP labeled by the red asterisk (see also white arrow), one-dimensional cuts of the FWM amplitude along the y and z direction are shown on the bottom-right side of Fig. 1 . These spatial profiles exemplify the 3D sectioning capabilities of the technique and can be used to estimate the localization precision. Using the same concept of fluorescence localisation microscopy, 32 the position of a single reporter in an image can be determined by fitting the amplitude profile and determining its center with a precision (δ) much better than the diffraction limited point-spread function width (σ PSF ), by a factor given by the signal to noise ratio (SNR): δ ≃ σ PSF /SNR. From the cuts in Fig. 1 , we estimate a SNR ≃ 25 and localisation precision of about 10 nm in-plane and 25 nm axially. We note that these are qualitative estimates, and that an accurate analysis of the localisation precision in 3D at the nanoscale is not the main focus of this work. Indeed, alternative to imaging, we have recently shown a promising method to localise single AuNPs with nanometric precision in 3D at high speed from single-point FWM acquisition using optical vortices. 23 Confocal fluorescence of the Alexa647 fluorophore was performed using a separate instrument on the same regions of interest, accurately mapped by the aid of gridded coverslips and DIC also available in the confocal fluorescence microscope. To avoid photobleaching, confocal microscopy was performed prior to FWM acquisition. Images are shown in Fig. 1 as a maximum intensity projection over a 6.9 μm z-stack. The observed spatial pattern is consistent with the expectation that Bi-Tf(A647) has been internalized and is contained in intracellular vesicles, as discussed in our previous work. 24 However, there is no correlation (co-localisation), between the spatial patterns observed in FWM and in confocal fluorescence, as qualitatively shown by the overlay images.
When mapping two images acquired from different instruments solely on the basis of the cell contour in DIC and reflection microscopy, without using fiducials, it is possible that a small rotation and translation adjustment is needed to correctly overlay the images. To account for that, we calculated, for the FWM and in confocal fluorescence images in Fig. 1 , the image cross correlation coefficient r P (also known as Pearson's coefficient 33 ) as a function of relative translation (Δx,Δy) and rotation (Δθ) coordinates. The corresponding cross-correlation images r P (Δx,Δy,Δθ) are shown in the ESI Fig. S1 † and reveal no well defined maximum near the center, with values r P < 0.05 near the center, i.e. there is no significant correlation even when accounting for small translation and rotation adjustments. Similar results were obtained when examining other field of views on this sample.
The lack of correlation, and in turn co-localization, of Alexa647 and AuNPs could be due to a number of reasons. It is possible that unbound streptavidin is present in the commer-cially available stock solution of 40 nm AuNP-SA, which in turn binds Bi-Tf(A647). This could explain the observation of fluorescence from Alexa647 as expected from internalized Tf, but not co-localised with AuNPs. It is also possible that after 6 hours trafficking, the 40 nm AuNP-SA-Bi-Tf(A647) construct is broken down, similar to that suggested by Wu et al. 21 for quantum-dot nucleic acid conjugates. Internalized Tf might also be sent for degradation into the lysosomes. 24 Finally, the fluorophore might be quenched near the surface of AuNPs, similar to that reported by Miles et al. 20 on commercial 10 nm AuNPs-Alexa633 fluorophore conjugates. In any case, it is clear that solely relying on the detection of fluorescence with this system would lead to misleading conclusions on the intracellular fate of the AuNPs.
For comparison, and to explore the issue of degradation following intracellular trafficking, we then studied the construct 10 nm AuNP-SA(A488)-Bi-Tf(A647) (see also Experimental section). In this case, HeLa cells were sequentially incubated on ice with Bi-Tf(A647), followed by adding 10 nm diameter AuNPs with Alexa488 labeled streptavidin (SA(A488)) adsorbed on their surface. Following this incubation and subsequent washes, cells were immediately fixed. Here, no endocytosis had occurred prior to fixation, and we would expect to see the 10 nm AuNP-SA(A488)-Bi-Tf(A647) construct on the plasma membrane. Notably, since streptavidin is also labeled, we could additionally study its co-localisation with Bi-Tf(A647) and AuNPs by FWM. We also chose to examine this system under low irradiance wide-field fluorescence microscopy (∼W cm −2 ), prior to FWM imaging, to reduce photobleaching that might be caused by confocal microscopy, in which higher excitation intensities (∼kW cm −2 ) are used. 34 Fig. 2 shows examples of images for A 2r + and A FWM + obtained on HeLa cells loaded with this construct. The reflection images A 2r + correlate with the cell contour seen on the corresponding regions (highlighted by white frames) in DIC available in the same instrument, while the FWM amplitude A FWM + is background-free and clearly indicates the location of well-separated individual AuNPs. The FWM signal strength is much smaller than that observed for the 40 nm diameter AuNPs in Fig. 1 , as expected since the FWM field amplitude scales approximately with the NP volume. 23 A few individual nanoparticles are clearly resolved at a density of ∼0.1 NP per μm 3 . Strikingly, wide-field fluorescence images of the Alexa488 and Alexa647 fluorophores performed on the same regions of interest, prior to FWM acquisition, show a much higher density of these labels. The observed spatial pattern is consistent with the expectation that both SA(A488) and Bi-Tf(A647) have been recruited at the cell surface, indicative that the two components are linked. Notably, the spatial distribution of the Alexa488 correlates well with that of Alexa647 fluorophore, with a Pearson's coefficient of 0.91 (see large overview and r P analysis in ESI Fig. S6 †) . However, also in this case, there is no correlation between the spatial patterns observed in FWM and ) and wide-field fluorescence microscopy of the regions highlighted in DIC. FWM was acquired with a pump-probe delay time of 0.5 ps, pump ( probe) power at the sample of 94 μW (47 μW), 5 ms-pixel dwell time in A and 3 ms in B, pixel size in plane of 38 nm and z stacks over 1 μm in 100 nm z steps. FWM is shown as a maximum amplitude projection over the z stack, while the reflection is on a single x,y plane (scanning the sample position) axially located near to the glass substrate interface. Grey scales are linear from m to M for field amplitudes, as indicated (M = 1 corresponds to 7.8 mV rms detected by the lock-in). Wide-field fluorescence of the Alexa488 and Alexa647 labels are shown, scaled to their maximum intensity, and indicated as WF A488 and WF A647 respectively. Overlays of FWM amplitude and wide-field fluorescence are shown color coded, as indicated. In the overlay of WF A488 (green) and WF A647 (red) images are re-scaled to highlight low intensity co-localisation (green intensity from 0.035 to 0.23 of its maximum, red intensity from 0.019 to 0.32). in fluorescence, as qualitatively shown by the overlay images. To account for small rotation and translation adjustments, since FWM and wide-field fluorescence were acquired on separate instruments, we again calculated the image cross correlation coefficient as a function of relative translation and rotation coordinates. We found no well defined maximum near the center, with values r P < 0.05 near the center (see ESI Fig. S2 †) . These results thus indicate that the Bi-Tf(A647) is bound to labeled streptavidin SA(A488) at the cell surface, however most of the labeled streptavidin is actually not bound to a AuNP. It should be stressed that solely based on the widefield fluorescence images in Fig. 2 one would have assumed a successful formation of the construct 10 nm AuNP-SA(A488)-Bi-Tf(A647) and expected a large number of 10 nm AuNPs to be present at the cell surface. We clearly show with our FWM imaging that this is not the case.
This observation is corroborated by a direct analysis of the commercial stock solution 10 nm AuNP-SA(A488) deposited onto a fused silica coverslip surface, correlatively imaged using extinction 11 and wide-field fluorescence microscopy (see Fig. 3 ). Extinction microscopy is a simple technique to detect strongly absorbing particles such as AuNPs, as long as they are in an optically clear environment. We have shown in our previous works that the method can be quantitative and sensitive to single 5 nm diameter AuNPs. 11, 27, 35 The 10 nm AuNP-SA (A488) solution was washed to reduce the presence of unbound streptavidin (see Experimental section). Even so, we observe virtually no co-localisation between single AuNPs visualised by extinction microscopy, and the A488 fluorophore. This is exemplified in Fig. 3 that shows extinction contrast images (as zooms over sub-regions in the field of view (FOV)) from which we have quantified the extinction cross-section of a set of representative AuNPs (the entire FOV with all representative AuNPs is given in the ESI Fig. S13 and S14 †), and in turn their diameter D using Mie theory in the dipole limit. 11, 27 The measured cross-sections are above the detection limit, shown by the distribution of cross-section values in regions without AuNPs (indicated as "background" in Fig. 3 left) . This was possible by immersing the AuNPs in an index matched oil, to optically clear the fused silica coverslip surface. Prior to this, the surface with deposited 10 nm AuNP-SA(A488) was imaged in air by wide-field fluorescence microscopy (see Experimental section). The results in the same regions are shown in Fig. 3 and reveal many unbound A488 fluorophores for the 1× washed sample. The number of fluorophores is reduced for the 3× washed sample (which also exhibits AuNP aggregation). Fused silica coverslips were used to minimize autofluorescence background especially from point-like defects (see also ESI Fig. 3 10 nm AuNP-SA(A488) imaged by correlative wide-field fluorescence and extinction microscopy. The AuNP solution was washed once (top) or 3 times (bottom) to reduce the presence of unbound streptavidin. AuNPs were deposited onto fused silica coverslips and imaged by wide-field fluorescence microscopy in air, followed by extinction microscopy in index matched oil. Extinction cross-sections of ten representative single particles in the FOV are indicated on the left panels, with corresponding particle diameter ranges, above the detection limit (background histogram, see text). Extinction contrast images are shown on grey scale from m (black) to M (white), as indicated, with green arrows pointing to selected single AuNPs for which the cross-section was quantified, as labelled (images shown are 30% of the FOV). Fluorescence images of the same area (after background subtraction, see text) are shown on a common grey scale from −0.1F m to F m , with F m being the maximum amplitude in the FOV for the 1× washed sample. Overlay: fluorescence (red), extinction maxima (green) extinction minima (blue). In the overlay, amplitudes are re-scaled to maximize colour overlap. Red arrows indicate unbound fluorophores. The yellow arrow indicates red-green co-localization. The cross-correlation (Pearson's) coefficient r P is given. S11 †), which can be significant for standard glass under the excitation detection conditions needed for Alexa488. Fluorescence measurements were performed in air to keep fluorophores attached onto the surface, i.e. prevent them from detaching into a solvent, and to avoid fluorescence of the index matching medium. The lack of co-localisation between AuNPs and fluorophores in these experiments is exemplified in Fig. 3 right showing a colored overlay of extinction and fluorescence microscopy, and the calculated cross-correlation coefficient r P . A map of r P versus relative translation of the images is shown in the ESI Fig. S4 . † It should be noted that washing these 10 nm AuNP-SA(A488) to reduce the presence of unbound streptavidin is mentioned as an 'optional' good practice from the manufacturer. Our results show that even after one wash there is a significant amount of unbound SA(A488). Notably, albeit the number of unbound SA(A488) can be reduced by repeating the washing protocol, the observed AuNPs are not fluorescent. In essence, our results clearly show that, in this commercial product, the fluorophore label does not provide any reliable information about the AuNP location.
We then moved to the third construct, namely 15 nm AuNP-PC-Tf(A488) (see Table 1 ). As discussed by Sayers et al., 25 polymer-metal hybrid nanoparticles offer many advantages for diagnosis and therapy, owing to the control of the polymer chain folding, e.g. via temperature or pH, which can in turn be used to 'hide' or 'reveal' ligands at the nanoparticle surface.
The 15 nm AuNP-PC-Tf(A488) is one of the polymer-coated gold NPs fabricated and studied by Sayers et al. 25 (there called Tf-AuNP-3), shown to exhibit Tf-specific uptake, and was investigated here with correlative FWM/fluorescence microscopy. In this construct, Tf is fluorescently labelled with Alexa488 and covalently bound to a polymer shell, attached also via covalent bond onto the surface of a 15 nm diameter AuNP. For this system, sequential labelling at 4°C is not needed. HeLa cells were incubated with AuNPs for 2 hours at 37°C, similar to the protocol by Sayers et al., 25 followed by washing and fixation (see Experimental section). Fig. 4 shows examples of images for A 2r + and A FWM + obtained on these cells incubated with the 15 nm AuNP-PC-Tf (A488) construct. As for the previous cases, the reflection images A 2r + correlate with the cell contour seen on the corresponding regions (highlighted by white frames) in DIC available in the same instrument. Here, a high density of AuNPs is observed in FWM (>1 AuNP per μm 3 ), consistent with the high concentration of nanoparticles in the solution used for these samples and the long incubation time (see Experimental section). For clarity, considering such a high NP density, we show in Fig. 4 FWM images at a single x,y plane at the glass substrate interface, identified using the reflected field amplitude outside the cell regions which is highest at this interface as a function of z. Maximum intensity projections over a 5 μm thickness are shown in the ESI Fig. S7 . † We note that the FWM field amplitude is smaller than that observed for the 40 nm diameter AuNPs in Fig. 1 , but not as much as we would expect from the FWM field amplitude scaling with the NP volume. 23 Hence, it is likely that we have sub-diffraction AuNPs aggregates in this sample, as also suggested in the study by Sayers et al. 25 Confocal fluorescence of the Alexa488 fluorophore was performed on the same regions of interest, using a separate instrument. Regions were accurately mapped by the aid of gridded coverslips and DIC. To avoid photobleaching, confocal microscopy was performed prior to FWM acquisition. For direct comparison, images are shown in Fig. 4 also as single xy planes at the glass substrate interface, identified with the aid of DIC. The observed spatial pattern of the fluorescence intensity is less clear compared to Fig. 1 in terms of representing Tf (A488) which has been internalised and is contained in intracellular vesicles. 24 Note that these fluorescence images are shown as measured, without background subtraction. A large area overview is shown in the ESI Fig. 8 † as maximum intensity projection over the cell height, and with background subtraction (see Experimental section). It should be mentioned that the excitation/detection conditions needed for the Alexa488 are known to result in larger cellular autofluorescence backgrounds compared to Alexa647, which might partly explain the reduced clarity in the observed spatial pattern (see ESI Fig. S6 †) .
When comparing the spatial patterns observed in FWM and in confocal fluorescence, there is generally poor correlation, which is qualitatively shown by the overlay images in Fig. 4 . As discussed previously, to account for small rotation and translation adjustments, we calculated the image cross correlation coefficient as a function of relative translation and rotation coordinates. In this case, for panel B we found a maximum value r P = 0.15 near the center for a rotation angle of −4 degrees (see ESI Fig. 3 †) , indicating spatial correlation, as opposed to the two cases discussed previously with the 40 nm AuNP-SA-Bi-Tf(A647) and 10 nm AuNP-SA(A488)-Bi-Tf(A647) constructs. However, the value of the correlation coefficient is still fairly low. For the images in panel A and C, no significant spatial correlation was found. The reasons for this poor correlation again could be several. Even though the 15 nm AuNP-PC-Tf(A488) construct was prepared following centrifugation and purification steps, it is possible that some unbound Tf(A488) was present in the stock solution. This could explain the observation of fluorescence from Alexa488, as expected from internalized Tf, but not co-localised with AuNPs. It is also possible that after 2 hours trafficking, the construct is partly broken down. Moreover, the fluorophore might be quenched near the surface of AuNPs. In addition, especially in this case, it is possible that some of the observed fluorescence is actually cellular autofluorescence, thus unrelated to the location of the AuNPs. Indeed, it is also for this reason that we show the plane at the glass substrate interface in Fig. 4 , since at that position we could observe and investigate AuNPs lying onto the glass surface, outside the cell. Yet, there is no correlation between fluorescence and FWM even for AuNPs outside the cell (see also additional data in the ESI Fig. S9 †) , suggesting that fluorophore quenching or bleaching near the surface of AuNPs might be the major limiting factor. These results further exemplify the various problems of fluorescence microscopy compared to our FWM technique, in providing a reliable readout for the AuNP location.
Since all the AuNP-fluorophore conjugates studied so far had been developed in house, as a comparison we investigated a commercially available system. Innovacoat gold nanoparticles consist of a proprietary protective surface to which molecules can be covalently bound. We conjugated the commercially available Alexa647 labelled goat anti-rabbit antibody onto the 20 nm diameter AuNP Innovacoat system to form 20 nm AuNP-PC-Ab(A647) (see Table 1 and Experimental section). This is a non-targeting fluorescently-labelled antibody resulting in non-specific uptake. Note that we followed the manufacturer recommended wash protocol, in order to obtain a conjugate nominally 100% free from unbound antibody. To showcase the general applicability of the method, we used this construct on a different cell line, namely 3T3-L1 cells (see Experimental section). These are murine fibroblast cells, typically much bigger than human HeLa cells. Fig. 5 shows examples of images for A 2r + and A FWM + obtained on 3T3-L1 cells loaded with the 20 nm AuNP-PC-Ab (A647) construct. Notably, for these experiments, the FWM instrument had been upgraded to enable simultaneous FWM and confocal fluorescence microscopy (see Experimental section). The reflection images A 2r + correlate with the cell contour seen on the corresponding regions (highlighted by white frames) in DIC. Once again, FWM microscopy revealed the location of individual AuNPs background free, and we observed a density of ∼0.1 AuNP per μm 3 similar to Fig. 1 , consistent with having used a comparable NP concentration (2.6 × 10 10 AuNP per mL) and uptake time (15 min). Since fluorescence is acquired simultaneously, we can examine the spatial pattern at any selected region, in-plane and axially, without the need for post-acquisition re-registration adjustments. Fig. 5 shows selected planes (from acquired z-stacks) at the glass surface interface (regions A, C), and inside the cell (region B). The fluorescence pattern is again not correlating with the AuNP distribution as observed in FWM (r P < 0.02). From this pattern and the measured intensity, it appears that the signal is dominated by cellular autofluorescence, as seen by comparison with unlabeled cells (see ESI Fig. S10 †) . Yet, even in regions outside the cell, hence not affected by cellular autofluorescence, and where a few AuNPs are observed (region A right, region C top left), the fluorescence intensity is indistinguishable from the background. These results thus suggest that either the Alexa647 is bleached, to the extent of making it undetectable against the background even outside the cell, or is actually not attached to the AuNP.
To answer this final question, we then studied the commercial construct itself, spin coated onto a glass surface, correlatively imaged using extinction and wide-field fluorescence microscopy, similar to what we have shown for the 10 nm AuNP-SA(A488) in Fig. 3 . These results are shown in Fig. 6 . AuNPs were deposited on glass and imaged in air. Extinction cross-sections of ten representative single particles in the FOV are indicated on the left panels, with corresponding particle diameter ranges, above the detection limit (background histogram, see text). Extinction contrast images are shown on grey scale from m (black) to M (white), as indicated, with yellow arrows pointing to selected single AuNPs for which the cross-section was quantified, as labelled (images shown are 30% of the FOV). Fluorescence images of the same area are shown on a grey scale from 0.03F m to 0.39F m (top) and from 0.03F m to 0.22F m (bottom), with F m being the maximum amplitude in the FOV. Overlay: fluorescence (red), extinction maxima (green) extinction minima (blue). In the overlay, amplitudes are re-scaled to maximize colour overlap. Green arrows indicate AuNPs visible only in extinction. Red arrows indicate unbound fluorophores. The cross-correlation (Pearson's) coefficient r P is given.
